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Interface roughness scattering in ultra-thin N-polar GaN quantum well channels In this Letter, we report experimental and theoretical investigations on the effect of the channel thickness on the low-field electron mobility in N-polar GaN quantum well channels. From temperature dependent Hall mobility data and numerical modeling of the mobility, the interface roughness is identified as a strong factor in determining the low field mobility as the channel thickness is scaled down. In the graded AlGaN back-barrier N-polar GaN field effect transistor structures studied here, the roughness leads to localization of electrons at a channel thickness of 3.5 nm leading to extremely low mobility. V C 2012 American Institute of Physics.
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High frequency GaN field effect transistors (FETs) have made rapid progress in recent years by aggressive gate length scaling to 20 nm with a peak current gain cutoff frequency (f t ) of 343 GHz.
1 Along with decreasing gate lengths, the vertical dimension of the device such as the gate barrier thickness and channel thickness needs to be scaled in order to maintain the electrostatic integrity of the FET. InGaN back-barrier, AlGaN buffer layers, and GaN quantum well channels have been used to increase carrier confinement in these scaled devices.
2-4 N-polar GaN FETs with a top gate dielectric and a bottom charge inducing wide bandgap AlGaN back-barrier provide a structure similar to ultrathin body silicon-on-insulator (UTB-SOI) devices and hence have the potential advantage in scaling to sub-50 nm gate lengths. 5 Recently, self-aligned N-polar GaN devices have been demonstrated with high frequency operation [6] [7] [8] and also with low source access resistances (R s ) obtained by source/drain regrowth. As the N-polar GaN devices are scaled vertically (gate dielectric thickness and channel thickness) along with lateral scaling of gate length to sub-50 nm dimensions, the low field electron mobility in the channel is affected. The mobility in these vertically scaled channels needs to be high in order to maintain high ballisticity 9 and low parasitic access resistance, which are critical to improve high frequency performance. The reported two-dimensional electron gas (2-DEG) mobilities in N-polar devices have a large variation with peak reported mobility of 1700 cm 2 /V s for 15 nm thick channels 10 and a low mobility of 350 cm 2 /V s in an 8 nm thick channel. 11 A number of theoretical and experimental investigations of the electron mobility in N-polar devices have been reported. [12] [13] [14] However, there has been no theoretical study reported on the impact of the channel thickness and the effect of roughness scattering on the low field mobility of N-polar devices. Unlike the conventional Gapolar AlGaN/GaN high electron mobility transistors (HEMTs), the channel in the N-polar device is a double hetero-structure quantum well (Fig. 1) , which gives rise to additional scattering mechanisms that affect the low-field electron mobility. In this Letter, we report both a theoretical and an experimental investigation on the impact of the channel thickness on the electron mobility in N-polar quantum well channels. Roughness scattering, charged dislocation scattering, acoustic phonon (AP) scattering, and remote impurity scattering have been included in the mobility model providing extra insight into the mobility limiting mechanisms. Fig. 1 shows the band diagram of the sidewall access region of a self-aligned N-polar FET with a 5 nm GaN channel. 6, 11 The conductivity of this un-gated sidewall access region, determined by the 2-DEG density and the mobility, is critical in these devices to reduce the source access resistance (R s ). For our investigation into mobility limiting mechanisms in thin quantum well structures, we study the mobility of this structure. Four samples with channel thicknesses of 12 nm, 8 nm, 5 nm, and 3.5 nm were investigated here; all of them have the same layer structure shown in Fig.  1 ), and a GaN buffer. The AlN interlayer between the GaN channel and AlGaN barrier was introduced to reduce the alloy scattering. 13 The graded AlGaN barrier with Si modulation doping was used to reduce high frequency current collapse and the output conductance in the devices. 15 After the growth, the devices were diced into 7 mm Â 7 mm square pieces for Hall measurement in Van der Pauw geometry. Next, the surface oxide was removed with 1 min buffered hydro-fluoric acid (BHF) treatment before deposition of 50 nm of silicon nitride (SiN x ) by plasma-enhanced chemical vapor deposition (PECVD). Annealed indium contacts were formed at the corners of the square pieces for Hall measurement.
The measured 2-DEG density and Hall mobility at room temperature (RT) for the samples are shown in Fig. 2 . Both the 2-DEG density and the Hall mobility show a continuous decrease with channel thickness with an extremely low mobility of 65 cm 2 /V s for the 3.5 nm channel. The decrease in the 2-DEG density is expected due to the Fermi-level pinning at the SiN x /GaN interface, 16 which depletes electrons as the channel thickness is reduced. To understand the mechanism limiting the mobility in thin channels, temperature dependent Hall mobility was measured for all the samples. Fig. 3 shows the measured Hall mobility for all the samples from 15 K to room-temperature (300 K).
We observed two distinctly different trends of mobility with temperature. The mobility variation of the 12 nm, 8 nm, and 5 nm samples show similar behavior of increasing mobility with decreasing temperature and then saturation, while the 3.5 nm channel device shows decreasing mobility with decreasing temperature. For the 12 nm, 8 nm, and 5 nm samples, the mobility first increased with decreasing temperature as expected due to the reduction of optical phonon (OP) and acoustic phonon scattering rates. However, the mobility saturated at a relatively lower value of <2000 cm 2 /V s as compared to Ga-polar GaN HEMTs. The saturation of mobility at lower values suggests a temperature independent Columbic scattering mechanism as the limiting scattering phenomenon in these devices.
To further understand the phenomenon, we calculated the 2-DEG mobility in the relaxation time approximation and in the electric quantum limit of ground state sub-band occupancy. We have included the interface roughness (IR) scattering in the calculations of mobility in N-polar GaN quantum well channels. The IR scattering has been shown to be important in thin quantum well structures. 17 The other scattering mechanisms included are OP scattering, AP scattering, ionized impurity scattering (II), scattering due to charged dislocations, scattering due to un-intentional doping (UID) in the AlN interlayer, and scattering due to trapped charges in the PECVD SiN x .
The roughness scattering calculation in GaAs quantum wells 17 assumed a symmetric quantum well; however the quantum well channels studied here have a high electric field in the channel arising from the polarization in the wurtzite III-N system. Recently, roughness scattering calculation was reported for GaAs quantum wells with an electric field using 2nd order perturbation theory. 18 However, the perturbation theory cannot be applied for the N-polar GaN channels because of the high magnitude of the electric fields ($MV/ cm). Instead, for an electron confined in a quantum well with a positive electric field (F) in the direction of growth (z-axis in Fig. 1 ), we use a variational wave function which is given by 19, 20 wðzÞ
where L is the channel thickness, N 2 ðbÞ ¼ 4bðb
2 À expð2bÞ À 1 Á is the normalization constant, and b is the variational parameter that depends on the electric field (F) in the channel. This form of wave functions has been reported to predict the correct energy Eigen states for high electric fields. 19, 20 The ground state energy for this variational wave function is given by
With
1=3 when the electric field (F) in the channel is large. The scattering potential matrix due to thickness fluctuations in the quantum well thickness can be calculated similar to the approach in Ref. 17 by
where r is the in-plane vector, and the square of the scattering Hamiltonian is given by
where D and K are the quantum well thickness fluctuation height and correlation length parameters with a Gaussian auto-correlation function, 17 q ¼ |k-k 0 | ¼ 2k sin(h/2), and k and k 0 are the initial and final the wave vector of the electron. 18 The first term of this Hamiltonian is similar to the traditional roughness scattering at the Si/SiO 2 interface in bulk Si MOSFETs with F 2 electric field dependence and the second term is the quantum well thickness fluctuations that is dominant in thin channels with 1/L 6 dependence as reported in Ref. 17 . Finally, the scattering rate due to roughness is calculated by Fermi's Golden rule including screening as
where k F is the Fermi wave vector, u ¼ q/k F , q TF is the Thomas-Fermi screening vector, and G(q) is the form factor for screening due to the finite width of the 2-DEG. We use Price's approximation 21 for G(q) which is given by GðqÞ
For the other Columbic scattering mechanisms (charged dislocation scattering, ionized impurity, trapped charge in the SiN dielectric), a form factor F(q) due to the finite width of 2-DEG wave function is used FðqÞ ¼ Ð þ1 À1 w 2 ðzÞexp½qjz À djdz, where d is the distance of the delta doping from the 2-DEG. The alloy scattering is negligible in these devices because the 2 nm thick AlN interlayer with a large conduction band offset with GaN quenches the wavefunction rapidly with an extremely low probability of the wavefunction in the AlGaN alloy layer. For a comparison with the other scattering mechanisms, alloy scattering calculations were done with a modified Fang-Howard wave function and found to be negligible compared to the other mechanisms considered here. The final scattering rates of the different scattering mechanisms affecting mobility were calculated numerically in MATLAB for a temperature range of 15 K to RT, and Matthiessen's rule was used to calculate the total mobility. For the variational waveform calculation, the electric field in the channel was taken as the average electric field given by F avg ¼ eðN 2D À n s =2Þ= GaN , where n s is the measured 2-DEG density and N 2D is the total 2-D doping density. the typical values in Ga-polar GaN HEMTs. 22 The inverted N-polar HEMT structure where the GaN channel is grown on an AlN layer with an underlying Si doping layer could be the reason for larger value similar to the higher roughness observed in inverted AlGaAs/GaAs HEMTs. The atomic force microscopy (AFM) root mean square (rms) surface roughness (not shown) of the wafers grown under similar conditions with a similar layer structure was 0.6-0.8 nm, which is again higher than typical Ga-polar GaN HEMTs.
As seen in Fig. 4 , the mobility due to roughness scattering (labeled IR in Fig. 4 ) with same D and K values increases rapidly as the GaN channel thickness is reduced from 12 nm to 5 nm. Both components of the roughness scattering increase with decreasing thickness (Eq. (4)). As the channel thickness was reduced, the 2-DEG density (n s ) in the channel decreases due to the depletion from the surface pinning at the SiN x /GaN interface, which results in an increase in the average field in the channel (F avg ¼ eðN 2D À n s =2Þ= GaN ) as N 2D is same for all samples. The increased field subsequently leads to higher roughness scattering due to the F 2 dependence (Eq. (4)). The second component of roughness scattering also increases rapidly for channel thickness of 5 nm due to the 1/L 6 dependence (Eq. (4)). The decreased n s in thin channels also leads to decreased k F , which increases the integral in Eq. (5). The figure also shows the total calculated mobility without roughness scattering, which clearly predicts very high mobility values compared to the measured values. The discrepancy between the calculated and measured low temperature mobility of the 12 nm sample could be due to the non-inclusion of the 2nd sub-band occupation in the mobility calculations, which is highly likely due to the large 2-DEG density of 1.7 Â 10 13 cm
À2
. The calculated mobility for the 3.5 nm channel device with 4 Â 10 12 cm À2 2-DEG density and the same roughness parameters is 100 cm 2 /V s while the measured value is 65 cm 2 /V s. The discrepancy can be understood from the temperature dependent mobility. Unlike the other samples, the measured mobility for the 3.5 nm device decreases with temperature, while the model predicts (not shown) a constant mobility of 100 cm 2 /V s with decreasing temperature. This observed trend of mobility with temperature can be explained by strong localization of electrons in the channel due to the high roughness. The localization leads to hopping type conduction, which is a thermally activated process and hence the mobility decreases with decreasing temperature. This further validates that the roughness is an issue in the structures studied here. Current transport theory in disordered systems and metal insulator transition (MIT) theory can be applied to understand the mobility versus temperature data for the 3.5 nm sample. 23 It is noted that the 2-DEG density remained unchanged from 15 K to RT in all the samples. From the expression for the roughness scattering, it is clear that the mobility can be increased by decreasing the electric field in the channel and having smoother interfaces. The calculated RT mobility for the 3. ably high values for the ultra-thin quantum well channel FETs.
In conclusion, we have studied the dependence of mobility in N-polar GaN quantum well channels with thickness. We have incorporated roughness scattering for N-polar GaN quantum well channel mobility calculation and shown that it is the principle reason for lower mobility in the thin channels. Furthermore, the roughness leads to hopping conduction in 3.5 nm channels. Future work correlating roughness and mobility to the device structure, growth method, and growth conditions will be important in scaling the channel thickness for high frequency devices.
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